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Spore stabilityThe cAMP response element-binding protein (CREB) is a highly conserved transcription factor that integrates
signaling through the cAMP-dependent protein kinase A (PKA) inmany eukaryotes. PKA plays a critical role in
Dictyostelium development but no CREB homologue has been identiﬁed in this system. Here we show that
Dictyostelium utilizes a CREB-like protein, BzpF, to integrate PKA signaling during late development.
bzpF− mutants produce compromised spores, which are extremely unstable and germination defective.
Previously, we have found that BzpF binds the canonical CRE motif in vitro. In this paper, we determined
the DNA binding speciﬁcity of BzpF using protein binding microarray (PBM) and showed that the motif
with the highest speciﬁcity is a CRE-like sequence. BzpF is necessary to activate the transcription of at
least 15 PKA-regulated, late-developmental target genes whose promoters contain BzpF binding motifs.
BzpF is sufﬁcient to activate two of these genes. The comparison of RNA sequencing data between wild
type and bzpF− mutant revealed that the mutant fails to express 205 genes, many of which encode
cellulose-binding and sugar-binding proteins. We propose that BzpF is a CREB-like transcription factor
that regulates spore maturation and stability in a PKA-related manner.wa).
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Cyclic AMPand cAMP-dependent protein kinaseA signaling regulate
many cellular events in various eukaryotes. InDictyostelium discoideum,
intracellular cAMP plays a central role in development (Saran et al.,
2002). PKA is required for early developmental events, including cell
aggregation and regulation of gene expression, and for later events,
including the transition from slug to fruiting body and the terminal
differentiation of spores and stalk cells (Loomis, 1998). The molecular
mechanisms that follow PKA activation are largely unknown.
The cAMP response element-binding protein, CREB, is a basic-
leucine zipper (bZIP) transcription factor and a central downstream
target of PKA in many eukaryotes. Dimeric CREB proteins bind the
conserved DNA sequence 5′-TGACGTCA-3′, CRE, which is found in the
promoters of many cAMP-inducible genes (Montminy et al., 1986),
regulating the transcription of target genes in response to increased
intercellular cAMP (Johannessen et al., 2004). In mammalian cells,
PKA phosphorylates Ser133 in the signal-responsive Kinase-Inducible
Domain (KID) of CREB (Gonzalez et al., 1991). CREB phosphorylationleads to interaction with the KIX domain of the co-activators CBP and
p300. CREB also has two glutamine-rich domains, which attract the
basal transcriptional machinery TFIID (Mengus et al., 2005), and a
bZIP domain, which mediates dimerization and DNA binding (Dang
et al., 1989; O'Shea et al., 1989).
CREB belongs to the large CREB/ATF family. One of the CREB/ATF
subfamilies consists of membrane-bound transcription factors. For
example, the liver-speciﬁc CREB-like protein CREB3L3/CREB-H binds
the canonical CRE, as well as CRE-like sequences, such as the box-B
element, and it can suppress hepatoma cell proliferation (Chin et al.,
2005; Omori et al., 2001). CREB3L1/OASIS also binds CRE and CRE-like
sequences and functions in bone formation (Murakami et al., 2009;
Omori et al., 2002). Most members of this subfamily localize to the
endoplasmic reticulum (ER) and respond to ER stress (Kondo et al.,
2005; Zhang et al., 2006).
The pivotal role of PKA activity in development and in the
regulation of gene expression suggested that CREB might have a
central function in Dictyostelium development as well, but numerous
attempts to isolate the Dictyostelium CREB have failed. In this study,
we report that BzpF is a CREB-like transcription factor that functions
downstreamof PKA during the late stages ofDictyosteliumdevelopment
and regulates sporulation. Loss of BzpF results in severe defects in spore
maturation and maintenance.
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Cell culture, strain maintenance, and development
We maintained Dictyostelium discoideum strains, which are
described in Table S1, at 22 °C in HL5 liquid medium (Sussman, 1987)
with the indicated supplements. We collected cells at the mid-log
growth phase and washed them to induce development (Shaulsky and
Loomis, 1993). We deposited 5×107 cells on a 16 cm2 nitrocellulose
ﬁlter placed on top of a paper pad soaked in 2 ml of PDF buffer (20.1 mM
KCl, 5.3 mM MgCl2, 9.2 mM K2HPO4, 13.2 mM KH2PO4, 0.5 mg/ml
streptomycin sulfate, pH 6.4) and incubated them at 22 °C in a humid
chamber in the dark. When the cells were antibiotic-resistant, we grew
them without antibiotics for 24 h before development.
Plasmid construction and mutant generation
bzpF (DDB_G0279529) is a single-copy gene on the Crick
strand of chromosome 3, coordinates 2206682 to 2208577. To
knock bzpF out, we ﬁrst ampliﬁed the ﬂanking regions of the gene
by PCR using two primer sets; (1) bZIP14NKOA5-sacII: 5′-
TCCCGCGGCCCATTTTGTTCTGAATCTCATT-3′ andbZIP14NKOA3-hindIII:
5′-TCAAGCTTTCTTGTTGGCTACCATTGGA-3′ (2) bZIP14NKOB5-kpnI: 5′-
TCGGTACCCTCCAATCCCTTCTCCTCAA-3′ and bZIP14NKOB3-sacII: 5′-
TCCCGCGGCACCTCACTTGAACGTCGTC-3′, and ligated the products to
each other after SacII digestion. After amplifying the ligated fragment
with the outside primer set, we cloned the products into the KpnI and
HindIII sites of amodiﬁedpLPBLPplasmid (Faix et al., 2004) ofwhich the
SacII site was removed (pLPBLPΔSacII). The resulting construct is a
bzpF-knockout vector with a deletion of most of the bzpF coding-region
(+414 to +1654). We linearized the plasmid with SacII and
transformed it into AX4 cells (Adachi et al., 1994; Kuspa and Loomis,
1992). We selected the transformants with 10 μg/ml Blasticidin and
veriﬁed that bzpF was knocked out by PCR across the homologous
recombination junctions and by quantitative RT-PCR.
For bzpF overexpression, we cloned the coding region of bzpF
from +10 to +1885 under the actin15 promoter in the pDXA-GFP2
vector (Levi et al., 2000), transformed it into bzpF− cells and selected
for resistance to 10 μg/ml G418.
Protein binding microarrays assay
We puriﬁed the GST-fused bZIP region of the BzpF protein
(BzpFzip-GST) after expression in E. coli as described (Parikh et al.,
2010a). We used the fusion protein to analyze BzpF binding site
speciﬁcity using two different Protein Binding Microarray (PBM)
designs, with oligonucleotide sequences as described (Berger et al.,
2008; Lam et al., 2011) and protocols as described (Berger et al., 2006;
Lam et al., 2011). In downstream analyses, we used a relaxed E-score
threshold (0.4 instead of 0.45), following Grove et al. (2009), and
because all of the 8-mers between 0.4 and 0.45 contained either the
core CREB site (ACGT) and/or a full CREB half-site (TGACG/CGTCA),
and the same 8-mers scored highly in both experiments. In genomic
scans, we eliminated data of 8-mers that did not meet the signiﬁcance
threshold in any of the experiments. We used the ﬁrst data set to
generate the position weighted matrix for BzpF binding and to
calculate the binding scores. The results of both analyses are provided
in supplementary dataset S1.
Electrophoresis mobility shift assay
Weused the fusionproteinBzpFzip-GST in anelectrophoresismobility
shift assay (EMSA) as described (Parikh et al., 2010a) with the dCRE1-
containing oligonucleotide, 5′-AGCTAAAATATGACGTATTAACTTTT-3′
(dCRE1 sequence is indicated by boldface), and the mutated CRE
oligonucleotide (mCRE), 5′-AGCTAAAATACACAAAATTAACTTTT-3′,(mutations are underlined). Oligonucleotide labeling, incubation,
electrophoresis, and autoradiography were done as described
(Parikh et al., 2010a).
RNA preparation and quantitative RT-PCR
We prepared total RNA using Trizol (Invitrogen) and treated the
sampleswithDNaseI to remove residual genomicDNA.Wesubjected the
RNA to reverse transcription using an oligo-dT primer and performed
quantitative PCR on an Opticon3 system (MJ Research and Biorad) using
gene-speciﬁc primer sets (Table S2).Weused theDelta-Delta-Ctmethod
to detect relative changes in RNA abundance (Schmittgen et al., 2000;
Winer et al., 1999) against the reference gene IG7 (Bloomﬁeld andPears,
2003).
Spore and stalk puriﬁcation
We collected spores from AX4 fruiting bodies using a metal loop.
We then collected the remaining structures and washed the residual
spores through a 40 μm cell strainer (BD falcon) to purify stalks.
Sporulation efﬁciency, detergent resistance and spore-germination
efﬁciency
We collected all the fruiting bodies from a quarter nitrocellulose
ﬁlter into 5 ml of 0.1% NP-40 and 1 mM EDTA in 20 mM potassium
phosphate pH 6.2 (KK2). For sporulation efﬁciency, we counted the
spores with phase-contrast microscopy. For detergent resistance, we
plated spores on SM agar (at least 800 spores for AX4, 2000 for bzpF−)
in association with bacteria (Klebsiella pneumoniae) and counted
plaques in the bacterial lawn after 3–6 days. For spore-germination
efﬁciency, we collected sori from 2-day old fruiting bodies, resus-
pended them in HL5 at 2×106 cells/ml and shook them at 200 RPM
for 6 h at 22 °C. We then counted the spores and the amoebae with
phase-contrast microscopy. Germination efﬁciency is the ratio
between germinated amoebae and the total cell number.
Spore staining
We collected spores from 30-hour fruiting bodies into 0.5 ml KK2
buffer. For staining with the ﬂuorescent vital dye propidium iodide
(PI; Sigma), we mixed the spores with 2.6 μg/ml PI and incubated at
room temperature for 30 min (Levraud et al., 2003). We examined the
spores by ﬂuorescence microscopy and by ﬂow cytometry with a BD
Biosciences LSRII system equippedwith a 488 nm argon laser. In some
cases, we monitored GFP signals with the same equipment.
For lectin staining, we used FITC-labeled Arachis hypogaea lectin
(Sigma) at a concentration of 40 μg/ml. After treating spores with or
without urea (Wang et al., 2003), we incubated the spores with the
FITC-lectin for 30 min at room temperature, washed them twice with
KK2 buffer and examined the samples with ﬂuorescence microscopy
(Fosnaugh et al., 1994).
To stain for cellulose within the spore coat, we used Calcoﬂuor
white (Sigma). We incubated the spores with 0.01% (w/v) solution of
Calcoﬂuor in KK2 buffer at room temperature for 3–5 min.Wewashed
the spores three times with KK2 buffer and examined the samples by
ﬂuorescence microscopy.
8-Br-cAMP-induction of sporulation
We developed cells on nitrocellulose ﬁlters for 19–20 h, harvested
the structures, dissociated them by repeated pipetting in EDTA-KK2
(Katoh et al., 2004) and washed them thrice with KK2. We induced
sporulation as described (Wang et al., 1996) except for using 15 mM
8-Br-cAMP (Sigma) instead of 20 mM.
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Wedeveloped cells for19 honﬁlters, disassociated and resuspended
them as before. We treated the cells with orwithout 20 mM8-Br-cAMP
for 2 h at 22 °C in Petri dishes.We then collected the cells and prepared
RNA for quantitative RT-PCR analysis.Computational analysis of potential BzpF target genes
We searched the D. discoideum genome for genes that contain at
least one dCRE motif in the region between −600 and +150
relative to the ORF. We then calculated the target score according
to two criteria: the BzpF-binding preference of the dCRE motifs and
co-expression with bzpF. To ﬁnd targets with high afﬁnity for BzpF,
we used the PBM assay binding preference results (Table S3,
thresholdN0.4). We obtained the score of each putative target gene
by summing the binding preference scores of all the dCRE motifs.
The score was downweighted if the dCRE motifs were located in
transcribed regions, according to the RNA-seq data. We used published
expression data (Parikh et al., 2010b) to search for genes whose
expression patterns correlate with that of bzpF during development.
Using theDynamic TimeWarp (DTW)method (Sakoe andChiba, 1978),
we aligned the time course data with slightly shifted phases (±1 time
point) to compare the time series of the expression levels and then used
Pearson's correlation on the DTW-transformed expression proﬁles to
evaluate the correlationwith the bzpF expression pattern. To determine
signiﬁcance (pb0.15), we permuted the BzpF binding preference scores
among the 8-mers and repeated the analysis 30 times to obtain a null
distribution. We used that distribution to determine the p-value of the
experimental data.Fig. 1. bzpF is a CREB-like gene. (A) A schematic representation of bzpF: This single-exon gene i
domain (maroon box) is close to the carboxyl terminus; the cyan colored region inside the bZ
phosphorylation consensus site. The bzpF− construct: Themajority of the coding region (+414 t
loxP recombination sites (yellow)andaplasmidbackbone(grey).TheBzpFzip-GST construct: The
DNA binding motif of BzpF: An oligonucleotide-chip containing all possible 8 mers was used to
(dCREs) are summarized in a positionweightmatrix,which is shown as a sequence logo (Berger
highest afﬁnity for BzpF (dCRE1). The mutated-CRE oligonucleotide (mCRE) differs by 6 nucle
(C)Electrophoresismobility shift assay:Radioactively labeleddCRE1-containingoligonucleotides
as probes. Lanes 1 and 5— no protein added; lanes 2 and 6— a control bZIP protein (DimAzip-
(D)Competition EMSA:Weaddedunlabeled nonspeciﬁcmCRE (lanes1–3; 20, 100 and500 fold e
to the mixture of BzpFzip-GST and the radiolabeled dCRE1.RNA sequencing
We collected RNA from cells at 25 h of development and processed
the samples as described (Parikh et al., 2010b), except that we
performed the poly(A) selection twice.We analyzed the RNA-seq data
using the data mining software Orange (Curk et al., 2005).Results
bzpF encodes a CREB-like protein
bzpF was implicated as a CREB gene by transcriptional network
analysis (Parikh et al., 2010a). To test this possibility, we analyzed
the predicted BzpF protein sequence (631 amino acids) and found
a PKA-phosphorylation consensus sites at S438, inside the bZIP region,
and glutamine-rich Q-domains at the N-terminal region (Fig. 1A).
However, the characteristic KID motif was not readily evident in BzpF.
By BLAST search, we found that BzpF is similar to bZIP proteins in
Naegleria, to the mammalian CREB3L3 and CREB3L1, and to the
Arabidopsis bZIP49 and bZIP17 proteins, which belong to the CREB/
ATF subfamily which is involved in ER stress response (Audas et al.,
2008; Tajima et al., 2008). Nevertheless, BzpF does not have a putative
transmembrane domain, which is characteristic of the CREB/ATF
subfamily members (Llarena et al., 2010). We also found that BzpF
has a close homolog in Dictyostelium purpureum. Therefore, we propose
that BzpF is a Dictyostelid type CREB-like protein.
The D. purpureum bzpF gene model (DPU_G0065610; May 2011) in
DictyBase predicted a 249-amino acids protein, 382 amino acids shorter
than theD. discoideumBzpF.We assembledRNA-seq reads (Parikh et al.,
2010b) and found an unidentiﬁed intron 47-bp upstream of thes 1893 bp-long with multiple poly-N (purple boxes) and Q-rich coding regions. The bZIP
IP domain indicates a potential CRE binding domain, and the asterisk represents the PKA
o+1654) is replaced by a Blasticidin S resistance (bsr) cassette (pink), which isﬂanked by
C-terminal region (+1080 to+1440) including thebZIPdomain is fusedwithGST. (B)The
measure the BzpF binding preference. The DNA sequences bound by BzpFzip-GST in vitro
et al., 2006). Thematrix includes the canonical CRE (canonical) and the sequencewith the
otides from the dCRE1 sequence. The mutated nucleotides are underlined and italicized.
(lanes1–4)andmCRE-containingoligonucleotides (negative control: lanes 5–7)wereused
GST); lanes 3 and 7— BzpFzip-GST protein; lane 4— BzpFzip-GSTwith anti-GST antibody.
xcess, respectively) or speciﬁc dCRE1 (lanes 4–6; 20, 100 and500 fold excess, respectively)
Fig. 2. bzpF is expressed during late development in D. discoideum and D. purpureum.
(A) The expression proﬁle of bzpF during development: Adapted from the published
RNA-sequencing data of D. discoideum (Dd bzpF, black circles) and D. purpureum (Dp bzpF,
grey squares) (Parikh et al., 2010b). Time points (hours) are indicated on the x-axis and
mRNA abundance (normalized read-counts) on the y-axis. (B) Preferential expression of
bzpF in prestalk cells: Adapted from the published RNA-sequencing data ofDd bzpF and Dp
bzpF (Parikh et al., 2010b). bzpFmRNA is detectable in both prespore cells (black bars) and
prestalk cells (gray bars) in slugs. The y-axis indicatesmRNA abundance (normalized read
counts). (C) Preferential expression of bzpF in spores:Weperformedquantitative RT-PCR on
RNA from spores (black bars) and stalk cells (grey bars) enriched from mature D.
discoideum fruiting bodies. The enrichment of the isolated cell types is illustrated with the
stalk-speciﬁc marker ecmA and the spore-speciﬁc marker spiA. The sample with the most
abundantmRNAwas normalized to 1 unit (y-axis) for each gene. The data are represented
as mean+s.e.m of four replicates.
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three sequencing errors around the predicted stop codon. We predict
that theD. purpureumbzpF gene encodes a 531-amino acids protein that
has 64.1% identity and 69.9% similarity to theD. discoideumBzpF protein
(Fig. S1).Most of the protein sequences, including the bZIP region at the
C-terminus, are conserved in both BzpFs except for a poly-Asparagine
sequences at the N-terminus of the D. discoideum protein.
BzpF binds the canonical CRE in vitro (Parikh et al., 2010a). To ﬁnd
the preferred DNAmotif for BzpF, we tested the GST-fused bZIP region
of BzpF (BzpFzip-GST, Fig. 1A) against a microarray that contains all
possible 8-mer oligonucleotides. We show the result as a position
weight matrix in Fig. 1B. We named the sequence, dCRE1, for which
BzpFzip-GST had the highest preferences. dCRE1 differs by one
nucleotide from the canonical CRE sequence, creating an asymmetric
site (Fig. 1B). We conﬁrmed the preference of BzpF to dCRE1 by EMSA.
BzpFzip-GST bound the dCRE1-containing oligonucleotide (Fig. 1C,
lane 3) but not a mutated oligonucleotide (mCRE; Fig. 1C, lane 7). The
shifted band was super-shifted in the presence of an antibody against
GST (Fig. 1C, lane 4), suggesting that the bindingwas indeedmediated
by the BzpFzip-GST. We used the GST-fused bZIP region of DimA,
which is a well-characterized Dictyostelium bZIP protein, as a control.
This bZIP region did not bind the dCRE1-containing oligonucleotide
(Fig. 1C, lane 2), indicating the binding speciﬁcity of BzpF to dCRE1.
We also performed a competition assay by adding unlabeled
oligonucleotides to the reaction. Increasing amounts of the mutated
oligonucleotide had almost no effect (Fig. 1D, lanes 1–3), whereas the
binding was decreased by the addition of unlabeled dCRE1 (Fig. 1D,
lanes 4–6). These results suggest that BzpF binds to dCRE1 in a
sequence-speciﬁc manner, extending the ﬁnding that BzpF binds to
the canonical CRE (Parikh et al., 2010a).
bzpF is expressed preferentially in spores during late culmination
We examined the expression proﬁle of bzpF during development
by quantitative RT-PCR and by mining the developmental RNA-seq
database (Parikh et al., 2010b). bzpF expression is not detectable at
0–12 h of development. The mRNA is ﬁrst detectable at 16 h and it
continues to accumulate through the end of development (Fig. 2A),
suggesting a function during terminal differentiation. We also checked
the expression of the bzpF ortholog in the related species D. purpureum.
We observed a similar pattern of mRNA abundance with a slight
temporal delay (Fig. 2A), as expected from the observation that
D. purpureum develops more slowly than D. discoideum (Parikh et al.,
2010b). The RNA-seq data also suggest that the bzpFmRNA is enriched
in prestalk cells during slugmigration, about 2-fold inD. discoideum and
4-fold in D. purpureum relative to prespore cells (Fig. 2B). To examine
the cell-type speciﬁcity in fruiting bodies,where the transcript is at peak
abundance, we puriﬁed spores and stalk cells and measured bzpF
expression. We found that bzpF is expressed in both cell types, but it is
enriched about 4-fold in the spores (Fig. 2C). By measuring the mRNA
levels of the stalk speciﬁc gene ecmA (Harwood et al., 1993) and the
spore speciﬁc gene spiA (Richardson et al., 1991) we found that the
spore sample contains no more than 14.8% stalk RNA and the stalk
sample contains no more than 2.0% spore RNA (Fig. 2C).
D. discoideum and D. purpureum have diverged approximately
400 million years ago (Sucgang et al., 2011). The similarity between
the expression patterns of bzpF in these two organisms (Fig. 2A,B)
suggests constant selective surveillance of this trait and an evolutionary
conserved function. We propose that BzpF activity is required during
late stages of development in both cell types, preferentially in the
spores.
bzpF− mutants produce compromised spores
To test the developmental role of bzpF, we generated a mutant by
deleting most of the coding region (Fig. 1A). The mutant cells grownormally on bacteria and inHL5 liquidmedium. Duringdevelopment on
bacterial plates, themutant exhibits aberrant fruiting-bodymorphology
with thick, irregular stalks and light-colored, translucent sori (data not
shown). We also developed axenically grown cells on nitrocellulose
ﬁlters (Fig. 3A). Under these conditions, the bzpF− mutants are
morphologically indistinguishable from the wild type during the ﬁrst
16 h. At the end of development the mutants exhibit asynchronous
culmination. Fruiting body formation is completed at 28–30 h and the
stalks are short and thick (Fig. 3Aa, c). The bzpF− sori appearabnormal—
they are more translucent than those of the wild type (Fig. 3A c). Upon
prolonged incubation, most of the mutant sori slipped down the stalks
and the remaining sori become more translucent, while the AX4 sori
become opaque and yellow (Fig. 3A b, d). These observations suggest
that the support for sori is weak and that spore development and spore
stability are compromised in the bzpF− strain.
We compared the spore stability of the bzpF− mutant to that of
AX4 after several days of development. The spore number of the
bzpF−mutant is only slightly lower than that of AX4 at 2 days, but it is
markedly decreased after 3–5 days, suggesting spore instability
(Fig. 3B). We also examined the detergent resistance of the spores
and found that the bzpF− spores are much more sensitive than their
AX4 counterparts (Fig. 3C), further suggesting spore instability. We
note that the declines in spore count and in detergent resistance were
not due to germination within the sori because we have found neither
hatched amoebae nor empty spore shells in the mutant sori.
Fig. 3. bzpF− cells exhibitmorphological defects during development. (A)Morphology:Wedeveloped cells for 2 and 7 days ondarkﬁlters and photographed themulticellualr structures of
AX4 (aandb, respectively) and thebzpF−mutant (candd, respectively). Bar=0.2 mmin themagniﬁed image, 0.5 mmind. (B) Spore stability:We counted spores (AX4— circles, solid line;
bzpF−— squares, dashed line) between 2 and 9 days of incubation on ﬁlters (x-axis) as a fraction of the value observed for AX4 at 2 days (y-axis). The data are the means±s.e.m of four
replicates. (C) Detergent resistance: We incubated AX4 spores (white bar) and bzpF− spores (grey bar) in 0.1% NP-40 and plated them on nutrient agar in association with bacteria. The
number of plaques formed on the bacterial lawn relative to the number of spores plated (%) is the detergent resistance (y-axis). The data are the means+s.e.m of three replicates.
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whether the spore coat of the bzpF− spores is compromised. The
Dictyostelium spore coat is composed of three layers; the central mid
layer, which includes galactose-rich polysaccharides and cellulose, is
sandwiched between two protein-rich layers (West, 2003). A
compromised outer layer could result in a porous, less protective
spore coat (Fosnaugh et al., 1994) that can be detected by staining of
mid layer components with a ﬂuorescently-labeled lectin, which
recognizes polysaccharides, and with calcoﬂuor, which stains cellu-
lose. The bzpF− spores were stained slightly stronger than AX4 spores
with both FITC-labeled lectins and with calcoﬂuor (Fig. S2A and B).
Stronger FITC-labeled lectin staining could also be caused by altered
glycosylation level (Wang et al., 2003). We therefore treated the
spores with urea permeabilization, which strips the external layer
barrier proteins before the FITC-lectin staining. This experiment ruled
out the possibility of altered N-glycosylation because the staining
level of AX4 and bzpF− spores were nearly identical after urea
treatment (Fig. S2). Therefore, the stronger staining with FITC-lectin
and calcoﬂuor (Fig. S2A and B) indicates that the bzpF− spore coat
outer layer might be slightly compromised, possibly due to the loss of
some urea-soluble components from the spore coat. The bzpF− spores
also have visible defects. Compared to the birefringent wild type
spores, most of the bzpF− spores appear dark under phase-contrastmicroscopy (Fig. 4A). Viable spores can exclude PI (Cornillon et al.,
1994; Yoshino et al., 2007), so we stained the spores with PI to
monitor spore integrity. The difference between bzpF− and AX4 is
dramatic (Fig. 4A). The AX4 spores are almost completely free of PI
staining (1.7% positive, Fig. 4B), whereas most of the bzpF− spores
are stained (78.1% positive, Fig. 4B). In addition, almost all of the
stained spores are phase-dark (Fig. 4A), suggesting that the
membrane of the bzpF− spores is compromised.
Finally, we examined spore-germination by incubating the spores in
liquidmedium. The fractionof hatched amoebae in thebzpF−population
(18.4%, Fig. 4C) is lower than in AX4 (73.4%, Fig. 4C), consistent with the
fraction of PI-negative, phase-bright spores in these strains.
Overall, the bzpF− spores are compromised, most likely due to
defects in the cell membrane inside the spore coat. We postulate that
these defects lead to spore instability within the sori, resulting in
reduced viability, detergent sensitivity, and poor germination.
Ectopic expression of bzpF
We fused the bzpF coding region with the GFP coding region and
cloned the fusion gene under the ubiquitous actin15 promoter
(Fig. 5A). We transformed the bzpF− strain with the expression
vector and observed high but variable levels of bzpF mRNA in the
Fig. 4. bzpF− sporesare compromised. (A)PI staining of spores.Phase-contrast (phase) andﬂuorescence (PI) imagesof eachﬁeld ofAX4and bzpF− spores, as indicated.Magniﬁed sporesare
shown as inserts. Bars=40 μm (lowmagniﬁcation) and 5 μm (inserts). (B) Quantitation of PI staining: We counted the PI-stained spores of AX4 (white bar) and bzpF− (grey bar) by ﬂow
cytometry and the fraction (%) of PI positive-spores is shown (y-axis). Data are the means+s.e.m of ﬁve replicates. (C) Germination: We incubated AX4 (white bar) and bzpF− spores in
nutrient medium. The number of germinated amoebae is shown as a fraction (%) of the total spores (y-axis). The data are the means+s.e.m of three replicates.
142 E. Huang et al. / Developmental Biology 358 (2011) 137–146transformants during growth (0 h) and during late development
(20 h) (Fig. 5B). Western-blot analysis revealed small amounts of the
full-size BzpF-GFP fusion protein and high amounts of apparent
degradation products (data not shown). We then examined the
spores of the transformants by ﬂow cytometry and found that only
about 10% are GFP positive (Fig. 5C). In contrast, bzpF− cellsFig. 5. Ectopic expression of bzpF complements the compromised spore phenotype. (A) T
to +1885) with GFP and expressed it in the pDXA vector under the actin15 promoter in bz
mRNA in AX4, bzpF−, and two independent ectopic expression transformants (BzpFGFPoe) b
The data (arbitrary units, y-axis) are themeans and standard errors of ﬁve replicates. (C) Part
(%, y-axis) by ﬂow cytometry of the ectopic expression strains and of a control strain expr
spores that express bzpF-GFP: We stained spores of the indicated strains (x-axis) with
(compromised) spores among the wild type (AX4) and among the GFP-positive spores of th
We stained spores of the indicated strains (x-axis) with PI and used ﬂow cytometry to determ
(bzpF−) and among the GFP-negative spores of the transgenic strains. (F) The fruiting bodymo
and #2) showing morphologies that are nearly identical to the bzpF− phenotypes. Bar=0.5transformed with a GFP vector alone show 85% GFP-positive spores
(Fig. 5C). These results suggest that the BzpF-fusion protein may be
unstable upon ectopic expression. Another possibility is the potential
expression of a truncated BzpF peptide (1–137 amino acids) that may
be produced as a consequence of the deletion in bzpF−. This potential
peptide would lack the bZIP domain but it would carry a shorthe BzpF ectopic expression construct: We fused most of the bzpF coding region (+10
pF− mutants. (B) Quantitation of bzpF expression: We measured the abundance of bzpF
y qRT-PCR in vegetative cells (0 h, white bars) and in developing cells (20 h, black bars).
ially penetrant expression of BzpF-GFP:We determined the fraction of GFP positive spores
essing GFP alone (x-axis). (D) Complementation of the compromised spore phenotype in
PI and used ﬂow cytometry to determine the proportion (%, y-axis) of PI-positive
e transgenic strains. (E) Lack of complementation in spores that do not express BzpF-GFP:
ine the proportion (%, y-axis) of PI-positive (compromised) spores among the parental
rphology of the bzpFoe strains: Filter development of two bzpF-overexpressor strains (#1
mm.
Fig. 6. Activating PKA fails to rescue the sporulation defect of the bzpF− mutant. We
developed AX4 cells (white bars) and bzpF− cells (grey bars), disaggregated them,
and incubated them with and without 8-Br-cAMP as indicated. (A) Sporulation
efﬁciency (y-axis) was calculated as the proportion (%) of cells that became spores.
The data are the means+s.e.m of 3 replicates. (B) We tested the germination
efﬁciency of 8-Br-cAMP-induced spores by treatment with 0.1% NP-40. The data are
presented as the fraction (%) of detergent-resistant spores relative to the total AX4
spores. The data are the means+s.e.m of 4 replicates.
143E. Huang et al. / Developmental Biology 358 (2011) 137–146conserved region (1–56 amino acids, see Fig. S1) that may have a
dominant negative effect over the transgenic BzpF.
The availability of strains that produce 10% BzpF-GFP-positive
spores allowed us to test whether ectopic expression of the BzpF-GFP
fusion protein could complement some of the bzpF− phenotypes. To
test the compromised spore phenotype, we stained the spores with PI
and used ﬂow cytometry to simultaneously count GFP-positive and
PI-positive spores. Almost none of the BzpF-GFP-expressing spores
were stained with PI, similar to the level observed in AX4, whereas
most of the bzpF− spores expressing GFP alone were stained with
PI (Fig. 5D). Among the BzpF-GFP-negative spores in the same
populations, almost all are stained with PI (Fig. 5E). These results
suggest that ectopic expression of the BzpF-GFP fusion protein is
sufﬁcient to complement the bzpF−mutation with respect to the spore
instability phenotype. Expression of GFP alone is not a confounding
factor and the partial penetrance of the ectopic expression system
allows us to suggest that the complementation, and therefore the
function of BzpF, are cell autonomous.
We also developed the transformed cells on nitrocellulose ﬁlters to
test the effect of the ectopically-expressed fusion protein on
morphogenesis. During the ﬁrst 16 h, the transformed cells develop
normally, as do the bzpF− cells. Later in development the BzpF-GFP
transformants exhibit asynchronous culmination and aberrant fruiting
bodies (Fig. 5F), also identical to the bzpF− phenotypes (Fig. 3A) and
different from AX4, suggesting that the overexpression vector is not
capable of complementing the bzpF− mutation with respect to
developmental morphology. This failure to complement is probably
due to the low proportion of cells (10%) that express the full-length
fusion protein in the developing mass and to the cell-autonomous
nature of the BzpF function.PKA-C activation does not suppress the bzpF− phenotype
Activation of PKA can suppress many developmental defects in
Dictyostelium, indicating that PKA-C functions downstream of the
mutated gene responsible for the defect (Loomis, 1998; Richardson
and Loomis, 1992; Wang and Kuspa, 1997). Previous analyses
implicated BzpF as a member of the PKA-pathway and suggested
that it functions downstream of PKA-C (Parikh et al., 2010a), but our
analysis shows that BzpF lacks several characteristic CREB domains so
it might not function downstream of PKA. It was therefore of interest to
test the relationship between PKA-C activation and bzpF function. We
postulated that if BzpF functions downstream of PKA-C, then activation
of PKA-C would not suppress the bzpF− phenotype. 8-Br-cAMP is a
membrane-permeable analogue of cAMP that activates PKA by
dissociating the PKA-R regulatory subunit from the PKA-C catalytic
subunit (Kay, 1989; Maeda, 1988). We developed AX4 and bzpF− cells
on ﬁlters for 19–20 h, disaggregated the multicellular structures,
incubated the cells with or without 15 mM 8-Br-cAMP, and measured
the proportion of spores that have formed. In the control experiment,
75.2% of the treated AX4 cells sporulate in response to 8-Br-cAMP
whereas bzpF− achieves 46.5% sporulation, which is signiﬁcantly lower
(Student's t-test, p=0.02) (Fig. 6A). This ﬁnding suggests that
activation of PKA-C is not sufﬁcient to fully induce sporulation in the
absence of BzpF. Neither strain produces a signiﬁcant number of spores
without 8-Br-cAMP (Fig. 6A).
We also tested the detergent resistance of the induced spores. The
bzpF− spores have very low detergent resistance (Fig. 6B), similar to
the level observed after ﬁlter development (Fig. 3D), whereas the AX4
spores are detergent resistant (Fig. 6B). These ﬁndings indicate that
activation of PKA-C does not suppress the defects of the bzpF− strain.
We suggest that PKA-C is not downstream of BzpF in a pathway that
regulates sporulation, which is consistent with the idea that BzpF
functions downstream of PKA-C or that the two proteins function in
parallel pathways.The transcriptional targets of BzpF
If BzpF is a transcription factor, it should be both necessary and
sufﬁcient for the expression of genes that contain its binding motifs in
their promoters. We searched the Dictyostelium genome (Eichinger
et al., 2005) for genes that carry any one of the dCRE motifs (Table S3)
in their potential promoter regions and found 1197 candidates. We
narrowed the list down using computational and experimental
approaches. First, we postulated that the expression of BzpF-target
genes would be changed after bzpF is expressed, so we searched the
Dictyostelium wild type transcriptome (Parikh et al., 2010b) for genes
whose developmental expression correlates well with that of bzpF.
Second, we calculated the score of each putative target gene following
two criteria: the BzpF-binding preference from the PBM assay results
and the co-expression with bzpF. We found 18 genes whose promoter
regions include dCRE motifs with high binding afﬁnities and whose
expression patterns were positively correlated (Pearson's rN0.8) with
bzpF during development (Table S4). There is no gene with negative
correlation (rb−0.8) with bzpF. To ﬁnd additional potential target
genes of BzpF, we also performed RNA-seq on late-stage AX4 and
bzpF− samples (Dataset S2) and found 13 additional genes that have at
least one dCREmotif (with a lower stringency than the aforementioned
criteria) and show reduced expression in bzpF− (Table S5). We also
checked whether the other 18 genes exhibit differential expression in
the mutant strain and found that 11 were indeed expressed at a lower
level in bzpF− (Table S4).
Next, we examined whether the expression of those genes is
induced by activation of PKA-C in a BzpF-dependent manner. We
chose 11 genes, including bzpF, from the ﬁrst approach (Table S4, bold
font) and 5 genes from the second approach (Table S5, bold font) and
performed quantitative RT-PCR on 8-Br-cAMP-treated samples.
Expression of 15 of the 16 genes is inducible by 8-Br-cAMP in AX4
(Fig. 7) and all 15 are less abundant in the bzpF−mutant. The prespore
genes, cotB and spiA, which are known to be regulated by PKA, are
induced to almost the same level in both strains, suggesting that the
PKA-pathway in bzpF− can be activated by 8-Br-cAMP. These data
indicate that BzpF is necessary for the transcriptional activation of
several terminal differentiation genes that are also regulated by the
PKA pathway. These 15 genes are potential direct targets of BzpF.
We also tested whether BzpF is sufﬁcient for the transcriptional
activation of the putative target genes. Since these target genes are
not expressed in vegetative cells, we measured mRNA abundance in
vegetative cells that express BzpF ectopically. We prepared RNA from
vegetatively growing bzpF− and a BzpF-GFP transformant. Using
Fig. 7. Candidate BzpF-target genes are regulated by PKA. We developed AX4 and bzpF− cells and treated them with or without 8-Br-cAMP as indicated. We then tested the
abundance of the candidate target transcripts by quantitative RT-PCR. The gene identities are indicated on the x-axis (Tables S4 and S5). The data are the means+s.e.m of 3–5
replicates, normalized to the maximal abundance of each gene.
144 E. Huang et al. / Developmental Biology 358 (2011) 137–146quantitative RT-PCR we found an increase in the expression of 2
putative target genes in the BzpF-overexpressing strain relative to
bzpF− (Fig. 8, C_3 and C_8), suggesting that BzpF is both necessary
and sufﬁcient for the expression of these two genes.
The results shown in Figs. 7 and 8 supported the idea that BzpF is a
transcription factor because it is both necessary and sufﬁcient for the
transcriptional activation of its target genes.
Biological processes regulated by BzpF
Comparing the transcriptomes of the bzpF− mutant and the
wild type revealed 205 genes that are under-expressed in bzpF−
(log2(AX4/bzpF−)N1, AX4 raw read countN100). Only 24 of the
genes contain dCRE in their upstream regions, so we suspect that most
of these transcriptional changes are secondary consequences of the
mutation. The genes encode 13 cellulose-binding domain-containing
proteins, 4 sporegerminationproteins, and3GATA transcription factors
(Table S6). We also checked the differential expression of cell-type
marker genes (Parikh et al., 2010b) between the wild type strain AX4
and the bzpF−mutants.We found that 19 out of 633 prespore genes and
22out of 800prestalk genes exhibit differential expression (Table S7). In
bzpF−, the expression levels of cotA, B and C, which are prespore
markers, are not signiﬁcantly different from those in AX4 (cotA, B and C
log2(AX4/bzpF−)=0.58, 0.05, 0.12, respectively). The expression level
of cotE, which encodes a spore coat protein, is greatly decreased in the
bzpF− strain (log2(AX4/bzpF−)=1.72) (Tables S6 and S7). The
expression of ecmA, which is a prestalk marker, exhibited almost no
difference (log2(AX4/bzpF−)=0.21). On the other hand, the expression
level of another prestalk marker, ecmB, in the bzpF− strain is less
than half of the wild type level (log2(AX4/bzpF−)=1.03). These data
suggest that BzpF might be involved in both cell-type differentiation
processes — stalk differentiation and late spore maturation through
direct or indirect transcriptional regulation of developmental genes. A
Gene Ontology (GO) enrichment analysis of the 205 genes is shown in
Table1. Thesegenes areenriched in theGOcategories “lipidbiosynthesis”
and “fatty acid biosynthesis”. The most differentially expressed genesFig. 8. BzpF is sufﬁcient for expression of its target genes. We used quantitative RT-PCR to tes
bzpF-overexpressor cells with the ectopic BzpF-GFP expression vector (black bars). The gene
of 3–9 replicates, normalized to the abundance of each gene in bzpF−.(log2(AX4/bzpF−)N3) are enriched in “cellulose binding” and “sugar
binding” (Table 1).
Discussion
Our studies show that BzpF is a CREB-like transcription factor,
which functions downstream of PKA-pathway and regulates spore
maturation and stability during late Dictyostelium development. BzpF
binds the canonical CRE motif as well as the related dCRE motif.
Dictyostelium spores have a thick spore coat layer, which contains
proteins and polysaccharides. The spore coat proteins and the
galactose-rich polysaccharides ﬁrst accumulate in prespore vesicles
during early-mid development and are secreted by exocytosis under
the control of PKA at the beginning of sporulation. Subsequently,
cellulose is synthesized and extruded from the cells to form the mid
layer, which is sandwiched by protein-rich outer and inner layers. The
cellulose layer interacts with the coat glycoproteins to form a protein-
impermeability barrier (West, 2003; West et al., 2009). Spore
integrity could be compromised at many levels, including defects in
the cellulose layer and the galactose rich polysaccharides layer,
glycosylation defects, and inner membrane defects. The loss of BzpF
causes severe spore defects that are manifested as spore instability
and low germination efﬁciency. Genes that are down regulated in the
mutant are involved in lipid and fatty acid biosynthesis as well as
cellulose and sugar-binding, although most of these genes are
probably not regulated directly by BzpF. These ﬁndings suggest that
BzpF affects membrane biosynthesis and spore coat formation
through indirect transcriptional regulation of cellulose and sugar
binding proteins, which in turn promote maturation of spores and
maintenance of their dormancy (Fig. 9). Some of the BzpF targets we
have identiﬁed are members of the GATA transcription factor gene
family, so it is possible that BzpF regulates a sporulation-speciﬁc
cascade of transcriptional events.
Another essential factor of sporulation is the MADS-box transcrip-
tion factor SrfA (Escalante and Sastre, 1998, 2002). Loss of this gene
results in spores that are round and phase-dark. These spores havet the abundance of putative target transcripts in vegetative bzpF− cells (white bars) and
identities are indicated on the x-axis (Tables S4 and S5). The data are the means+s.e.m
Table 1
Gene ontology analysis of transcripts that are less abundant in bzpF−.
Log2(AX4/bzpF−) Matched (%) / input genes GO term Category P-value Enrichment
N1 107(52.2%)/205 Lipid biosynthetic process Biological process 0.0582 4.54
Fatty acid biosynthetic Biological process 0.0582 6.70
N3 26(40.6%)/64 Cellulose binding Molecular function 0.0174 30.49
Sugar binding Molecular function 0.0174 27.58
Extracellular region Cellular component 0.0066 13.16
145E. Huang et al. / Developmental Biology 358 (2011) 137–146reduced calcoﬂuor staining and reduced expression of spiA, which
encodes a late spore coat protein. PKA activity leads to srfA expression
during culmination and SrfA regulates spiA expression indirectly
(Fig. 9). Unlike srfA− spores, bzpF− spores are oval and well-stained
with calcoﬂuor, even though they are phase-dark. Moreover, the
expression of cotB, spiA and srfA in bzpF− is almost indistinguishable
from the wild type, suggesting that BzpF and SrfA have largely parallel
roles in the regulation of sporulation (Fig. 9). Nevertheless, there
might be some overlap between the two pathways because the
expression of six SrfA-induced genes (sigL-1, rnpA, sigK, sigM, sigD
and sigI) is signiﬁcantly lower in bzpF− than in AX4 and three of
the genes contain dCRE motifs in their promoter regions (Fig. 9, Table
S6). In many cases, the expression levels of developmental genes
might be regulated by the coordination of multiple transcription
factors.
In Dictyostelium development, PKA plays pivotal roles in the
control of transcriptional regulation during multiple processes,
including aggregation, prespore/prestalk differentiation and spore
maturation. BzpF acts downstream of PKA, but, it is not expressed at
aggregation stage. Other transcription factors, including other bZIP
proteins such as bzpD and bzpH, which are expressed at the early
stages, may transduce the PKA signals to regulate developmental gene
expression. The expression of bzpF is initially detected at 16 h in both
cell types. It is enriched in prestalk cells during slug migration and
then accumulates in spores during culmination. Consistent with this
observation, the bzpF−mutant exhibits two stalk-related phenotypes
in addition to the severe spore defects: thick stalks and weak support
of the lower cup, which results in slippage of the sori down the stalk.
Also, some of the target genes of BzpF are preferentially expressed in
prestalk cells (Table S6, S7). The prestalk marker genes aslA-1 and
ecmB, which are normally expressed in the upper and lower cups
during culmination, are down-regulated in bzpF− (Table S7),
suggesting that they might be indirect targets of BzpF and theirFig. 9. A proposed model of the PKA-BzpF pathway. PKA regulates several transcription facto
PKA can drive the activation of BzpF, which positively regulates its own expression. BzpF e
indirect transcriptional activation of genes that encode spore coat proteins, cellulose- and sug
fatty acid biosynthesis.down-regulation may be related to the weak lower cup support
phenotype. We propose that BzpF regulates two developmental
processes – early prestalk differentiation and late spore maturation –
raising the possibility that BzpF interacts with different components
in those cell types. The fact that the 19 Dictyostelium bZIP proteins can
form various homo- and hetero-dimers (Deppmann et al., 2006;
Huang et al., 2006) suggests that BzpF may dimerize with other bZIP
proteins in the different cell types and such hetero-dimer complexes
may have speciﬁc roles and targets.
Based on sequence analysis, BzpF is neither a canonical CREB nor a
classical CREB3 type protein. Our results suggest that BzpFmay function
downstream of PKA-C in D. discoideum although we have no conclusive
evidence that it is directly regulated by PKA-C through phosphorylation.
Future studieswill be needed to determinewhether PKA regulates BzpF
and how BzpF regulates the transcription of each target gene we found
here. Nevertheless, BzpF is a CREB-like transcription factors because it
binds dCRE1, a motif only 1-bp different from the mammalian CRE, and
it functions in concert with PKA-C to regulate terminal differentiation in
Dictyostelium.
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